Galactic Fly-Bys: New Source of Lithium Production 
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Observations of the low-metallicity halo stars have revealed a puzzling result that the abundance 
of 7 Li in these stars is at least three times lower than its predicted primordial abundance. Given 
the difficulty of lithium observations in stellar atmospheres it is unclear whether this disagreement 
results from lack of understanding of lithium destruction mechanisms in stars or in non-standard 
physics behind the Big Bang Nucleosynthesis (BBN). It has been proposed that the uncertainties 
related to the destruction of lithium in stars can be circumvented by observing lithium in gas phase of 
low metallicity systems, such as the Small Magellanic Cloud (SMC), where the lithium abundance 
values are expected to be closer to the primordial. In this work we propose that there may be 
another mechanism responsible for lithium production in systems like the SMC where cosmic rays 
can be accelerated in tidal interactions caused by galactic fly-bys. We show that large-scale tidal 
shocks from a few fly-bys could produce lithium in the amounts comparable to those expected from 
interactions of the galactic cosmic-rays (GCR) produced in supernovae over the entire history of a 
system. In the case of the SMC, we find that only two such fly-bys can account for as much lithium 
as the standard, GCR production channel. However, given that the measured lithium abundance 
in the SMC is already consistent with the predicted primordial abundance, there is little room for 
contributions from other sources. Adding a new mechanism for production of lithium, such as the 
tidal cosmic rays, would cause even more tension with the standard BBN theory, and be more in 
favor of the non-standard physics as a possible solution to the pressing lithium problem. 



I. INTRODUCTION 

One of the key tests of the hot big bang model are the 
predictions of primordial abundances of light elements, 
made in the Big Bang Nucleosynthesis (BBN) . Discovery 
of the lithium abundance plateau with respect to metal- 
licity measured in the low-metallicity halo stars [l[ has 
indicated that primordial abundance has been observed. 
However, in the past decade it became apparent that 
primordial lithium abundance, ( 7 Li/H) p = 5.24 x 10~ ln 
0, predicted in the standard Big Bang Nucleosynthesis 
framework and calibrated by the cosmic microwave back- 
ground observations [3fl , is a factor of 2 — 4 higher than 
the observed plateau value, ( 7 Li/H) p i atcau = 1.23 x 1CP 10 
This has been known as the lithium problem. This 
picture is further complicated by a tentative discovery of 
another plateau: a 6 Li plateau [5[ which is not expected 
in the standard nucleosynthesis. Although 7 Li is made in 
the BBN, it is also produced in cosmic-ray interactions @ 
and by the neutrino process [7|. On the other hand, light 
isotope 6 Li is only made by cosmic rays [|| interacting in 
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the interstellar medium (ISM). Since supernova remnants 
are thought to be the only (or at least dominant) galactic 
source of cosmic rays (GCRs), 6 Li abundance is expected 
to increase with metallicity. Therefore, if the discovery 
of the 6 Li plateau is confirmed, it indicates that another, 
new source of lithium is needed to explain the observed 
metallicity dependence. One possible solution to this 
puzzle may be in the form of the non-standard BBN 
Alternatively, one could appeal to early cosmic-ray popu- 
lations different from the standard GCRs [for e.g.,|9|, llOj. 
A difficulty encountered by all such models is that they 
fail to produce significant amounts of 6 Li without vio- 
lating the metallicity or energy constraints [ll|. In the 
light of this, and with the aim of explaining abundances 
of both 6 Li and 7 Li it has been proposed that lithium 
should be observed in the gas phase of low metallicity sys- 
tems (HI, rather then in stellar atmospheres. Recently, 
the first such observation of the gas phase lithium beyond 
our galaxy has been made in the Small Magellanic Cloud 
(SMC): it revealed the value of the lithium abundance, 
( 7 Li/H)sMC = 4.8 x 10~ 10 , which is is consistent with pri- 
mordial value Therefore, while a new lithium source 
different from the GCRs may be needed to explain the 
6 Li plateau, this measurement leaves little room for any 
non-standard source which would yield any significant 
amount of 7 Li. 
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In this work we propose that the tidal cosmic rays 
(TCRs) can be a significant source of lithium in sys- 
tems that have undergone strong tidal interactions with 
their neighbors. Close halo fly-bys play an important 
role in the evolution of the earliest dark matter halos 
and their galaxies, and can still influence galaxy evolu- 
tion at the present epoch [for e.g.,[l5j]. Galactic mergers 
and close fly-bys are known to give rise to the large-scale 
shocks in the gas of interacting galaxies [l6l - |2"Tj |. Shocks 
on the other hand are favorable locations for acceler- 
ation of the cosmic rays, which in turn could produce 
lithium. Note that while the shocks triggered in galaxy 
interactions are not directly accompanied by fresh metal 
yields, they can enhance star formation j22H25l |. In that 
sense, tidal cosmic-ray population could be accompanied 
by some increase in metallicity, but this correlation would 
be weaker than in supernovae, which eject fresh metals 
and accelerate particles at the same time. At high red- 
shift, where destructive interactions of comparable mass 
galaxies were more common, the TCRs may have com- 
peted with the GCRs accelerated by the first generation 
of massive stars in production of the light elements. At 
low redshift, the TCR nucleosynthesis can be important 
for the low metallicity systems which continue to experi- 
ence major tidal disruptions by their neighbors, such as 
the SMC [see eg. [26l - [28j . In these systems, at a given 
metallicity, one would thus expect to find a significantly 
higher 6 Li abundance and consequently, a lower 7 Li-to- 
6 Li ratio relative to that predicted by the standard galac- 
tic chemical evolution models. If the Milky Way (MW) 
has not suffered a major tidal disruption by its neighbors 
at high redshift, TCRs may have not contributed much 
to the lithium measured in the halo stars. Here we argue 
that this effect is probably important for the SMC which 
could thus make comparison between lithium abundance 
measurements in the SMC and the MW more compli- 
cated. 

Using a simple analysis, we show that the energy of 
galactic tidal encounters is sufficient to produce a signif- 
icant lithium abundance. We also find that only a few 
galactic fly-bys are sufficient to yield large enough TCR 
fluxes which can result in lithium amounts comparable 
to those produced by GCRs over the entire history of a 
galaxy. Finally, in the specific case of the SMC we show 
that its gas phase lithium abundance could have been 
significantly enriched in tidal encounters with its imme- 
diate neighbors, the Milky Way and the Large Magellanic 
Cloud. 



II. ENERGETICS 

In order for galactic interactions to be a viable source 
of energy for production of Li in metal poor environ- 
ments they have to satisfy two important criteria: (1) 
the energy released in large scale tidal shocks should ac- 
count for the energy necessary to produce the level of Li 
measured in these systems and (2) tidal shocks must be 



capable of accelerating a population of CRs responsible 
for production of Li. In this section we place an upper 
limit on the energy available for nucleosynthesis by es- 
timating the kinetic energy of the encounter for fiducial 
parameters representative of a minor encounter of a pri- 
mary galaxy with its less massive satellite. The available 
energy can be estimated as 
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where G is the gravitational constant, q — M2/M1 < 1 
is the mass ratio of the satellite and primary galaxy, and 
d is their separation. Note that the expression for ki- 
netic energy is evaluated for a satellite galaxy plunging 
toward the primary on a nearly radial, marginally grav- 
itationally bound orbit. As indicated by simulations of 
galactic mergers this type of encounter is typically more 
damaging for the satellite galaxy which is tidally stripped 
of its mass as it falls into the larger galaxy [29|, |30j • Be- 
cause of its shallower potential well, the gas in the satel- 
lite galaxy which is not lost to tidal stripping can be 
strongly shocked even though the satellite may inflict lit- 
tle damage to its host. The shocking is expected to be 
more severe for the plunging satellites, as in this case 
strong perturbation to their potentials occurs rapidly, on 
a dynamical time scale. On the other hand, adiabatically 
inspiralling satellites experience changes in their poten- 
tial over many orbits, during which the gas and stars 
gradually adjust to a new quasi-equilibrium. 

We estimate the strength of the shocks that arise in a 
minor tidal interaction described above by calculating the 
Mach number of the interaction for assumed properties 
of the ISM in the satellite galaxy as 
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where V sat is the infall velocity of the satellite, c s is the 
average speed of sound of the ISM gas in the satellite 
galaxy, /1 is its the mean atomic weight, and T is the 
mass weighted average temperature. Note that adopted 
value of temperature T = 100AT corresponds to the cold 
neutral medium composed mostly of hydrogen with typi- 
cal densities of 20 — 50 cm~ 3 . In reality however, the ISM 
gas is likely to be a mixture of several phases at different 
temperatures [3l| and this value would vary as a function 
of satellite properties and redshift. However, even an or- 
der of magnitude increase in the mass weighted average 
temperature of the ISM of a particular satellite would 
still allow strong shocks to develop as a consequence of 
its infall. We will use this robust property of tidal shocks 
to constrain the spectrum of the produced cosmic rays 
that can give rise to formation of Li. 
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In what follows we estimate what fraction of the ki- 
netic energy in a galactic encounter is converted into the 
acceleration of energetic particles. We assume that the 
composition of cosmic rays reflects the composition of 
the ISM, and consequently, that the a + a fusion channel 
dominates lithium production at low metallicities fl2l |. 
This assumption is justified for the low metallicity gas in 
the Small Magellanic Cloud, which we employ as a case 
study in this work. Note however that different compo- 
sition of cosmic-ray population imp lies different energy 
requirements per nucleus of 6 Li Following Prantzos 
ill] we assume that it takes e 6 = 16 erg of energy to 
produce one nucleus of 6 Li. The adopted production en- 
ergy per nucleus was derived within the standard " leaky 
box" framework, where cosmic rays accelerated in super- 
nova remnants (SNRs) are allowed to escape from the 
Galaxy and suffer other losses as they propagate through 
it. This results in an equilibrium cosmic-ray spectrum 
which is steeper (i.e., softer) relative to the initial in- 
jection spectrum produced at the location of strong su- 
pernova shocks. Given the high Mach number value esti- 
mated in equation ([5]) , which falls within the range of val- 
ues characteristic for the supernovae shocks, we assume 
that tidal shocks with M. > 100 will have the cosmic-ray 
injection spectrum similar to the injection spectra from 
supernovae. Subsequently, the tidal cosmic-ray popula- 
tion is expected to suffer similar loses during the TCR 
propagation through the galaxy, resulting in an equilib- 
rium spectrum similar to that of galactic cosmic rays. 
This is the key assumption which will later allow us to 
evaluate the efficiency of the TCR nucleosynthesis rela- 
tive to the GCR nucleosynthesis without making explicit 
choices for the (unknown) TCR spectrum. The uncer- 
tainty involved in the nature and evolution of the TCR 
spectrum is somewhat offset by the fact that the adopted 
energy per 6 Li nucleus is less sensitive to a specific parti- 
cle acceleration mechanism and can be applied to a wide 
range of acceleration scenarios [ill ]. Expressed per gram 
of the ISM matter this energy requirement is 

cj 6 = e 6 y 6 — = 1.5 X lO^erggr" 1 (3) 
m P V 2/6,0/ 

where m p is the proton mass, while the solar abundance 
of 6 Li is ?/ 6 , ee ( 6 Li/H) = 1.53 x 10" 10 [H- It fol- 
lows that in order to pollute the gas mass M gas within 
some system with lithium abundance j/6 7 the total energy 
required is 

*-^~- ,xl0 "«*(s;)fe) <4) 

Because this value for the energy implicitly depends on 
the assumed cosmic-ray spectrum, escape length, and 
metallicity (through the choice of energy-per-nucleus) it 
follows that lower energy threshold would be obtained 
for systems where cosmic-ray confinement is stronger 
and where metallicity is high enough for 6 Li production 
through the CNO channel to become important (see [ll[ 
for detailed discussion). 



III. REQUIREMENTS FOR SIGNIFICANT 
LITHIUM PRODUCTION 

Tidal shocks that arise from close galactic fly-bys can 
accelerate charged particles and in such way give rise to a 
new cosmic-ray population within an interacting galaxy. 
While standard GCRs are expected to be produced over 
the entire history of the galaxy, the tidal cosmic rays 
would be injected in the interstellar medium episodically 
and only during the strong tidal events, after which the 
TCR flux would decrease rapidly due to energy losses, 
and their subsequent nucleosynthesis would stop. How- 
ever, whatever efficiency tidal shocks lack in terms of the 
limited duty cycle, they can make up in physical scale, 
since during strong interactions tidal shocks can affect 
much larger ISM volume than the supernovae shocks. 
Whether GCR or TCR driven nucleosynthesis dominates 
in a given galaxy depends on the parameters of the en- 
counter and properties of the interacting galaxies. Mod- 
eling of such encounters requires high resolution hydro- 
dynamic simulations to capture the structure of the tidal 
shocks, and is beyond the scope of this paper. Instead, 
the goal of this work is to show that cosmic rays accel- 
erated in tidal shocks are plausible and potentially as 
important of a source of lithium as are GCRs in galaxies 
which have experienced close encounters in their history. 

Here we estimate the volume of the ISM in an inter- 
acting galaxy that needs to be shocked in order to give 
rise to a TCR flux sufficient to produce the abundance 
of lithium equal to that produced by GCRs over the en- 
tire history of the system. We assume that TCRs are 
accelerated in the process of diffusive shock acceleration, 
just like the standard GCRs |37H39|. This cosmic-ray ac- 
celeration mechanism is commonly adopted in a variety 
of astrophysical environments. As noted before, because 
we express the efficiency of TCRs in producing lithium 
in terms of the efficiency of GCRs, the estimate docs not 
explicitly depend on the assumed supernova energy or 
the cosmic-ray spectrum. 

We start by equating the total number of Li nuclei 
produced by TCRs and GCRs, Nu,tcr = N^gcr- In 
both cases, the number of Li nuclei can be expressed in 
terms of their production rate per unit volume nrj as 
Nu = / nuV sys dt, where V sys is the volume in which 
CRs interact with the ISM in each scenario. The pro- 
duction rate of lithium however depends on the number 
density of the ISM (nj sm ), cross section for lithium pro- 
duction in a + a — > Li fusion channcl(cr), and on cosmic- 
ray flux ($ cr ) as 

hhi = n IS M c$ cr (5) 

where $ cr [cm- 2 s" 1 ] = J>(E)dE ~ J E~ Q dE with 
cosmic-ray spectral index a. Energy integrated 
cosmic-ray flux can also be written in terms of the 
mean CR velocity and CR number density as $ = 
(v cr )n cr . Thus lithium production rate becomes hi\ = 
it-ism &{v C r)N cr /V sys . Assuming that cosmic-ray flux 
does not vary much over production timescale r cr , the to- 
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tal number of lithium nuclei produced can now be written 

as 

Nu = n IS M <j(v cr )N cr T cr . (6) 

where N cr is the total number of cosmic rays acceler- 
ated by a given process over entire timescale. Assuming 
the same spectral shape of both cosmic-ray populations, 
mean cosmic-ray velocities will be equal. Thus we obtain 

Ntcr = N G cR,tot GCR (7) 
ttcr 

The two CR populations are not actively producing 
lithium over the same time-scales. GCRs are produc- 
ing lithium continuously over the life time of a galaxy, 
and we take this timescale (tgcr) to be comparable to 
the age of the Universe. TCRs on the other hand are 
accelerated only during close galactic fly-bys and their 
duty-cycle time scale ttcr < t gcr- Thus, by taking 
t gcr = 10 10 yrs we can write 

N TC r = IONgcr N sn (™-E) (8) 
\ttcrJ 

where Nqcr is the number of cosmic-rays accelerated in 
one SNR and Nsn is the number of supernovae that oc- 
curred up to some epoch defined by a given metallicity 
threshold. We express the number of cosmic rays (ei- 
ther TCRs or GCRs) accelerated per fly-by or in a single 
SNR in terms of the dimensionless injection parameter, 
7] = N acc /N s as defined in which represents the 

number of accelerated particles relative to the number 
of particles swept up by the shock. In the case of GCRs 
Vgcr = Ngcr/Nsn,s where Nsn,s is the number of par- 
ticles swept up by a single supernova shock. In the case 
of TCRs, rjTCR = Ntcr/Nt, s , where Nt,s is the number 
of particles swept up by a tidal shock. Taking these into 
account we rewrite equation © as 

N T , S = 10N SN N SN J^)(^) (9) 
\VtcrJ \ttcrJ 

While our result does not explicitly depend on the 
adopted value of the injection parameter r), which en- 
codes the acceleration efficiency, it depends on a rela- 
tive efficiency of particle injection in tidal shocks relative 
to the supernovae shocks. By adopting tjtcr. ~ VGCR 
in this estimate we are making an implicit assumption 
that tidal shocks are as strong as supernovae shocks. 
In reality, tidal shocks are significantly weaker than the 
strong shocks in young SNRs where the velocity of the 
blast wave can be as high as 2 x 10 4 kms _1 , but similar 
in strength (as quantified by the Mach number) to the 
shocks of moderately evolved SNRs sweeping the ISM 
with velocities < 10 3 kms _1 . Since weaker shocks are 
characterized by slightly higher r\ values [4l| , our assump- 
tion that tidal shocks are strong is conservative. The 
number of particles swept by one supernova can be esti- 
mated as 

Nsn,s = nisM Vsnr 



= 1.2xl0 59 (^)(^y (10) 
Vlcm~ J / V 10pc J 

normalized to fiducial values of the ISM number density 
tiism = 1cm -3 and the corresponding maximal SNR ra- 
dius within which particles are efficiently accelerated [4(| ■ 
We now estimate the number of supernova events that 
occurred by a certain epoch as determined by the thresh- 
old metallicity that these SNe contributed to within the 
interacting galaxy. Adopting a solar abundance of iron 
?/F e0 = (^Fe/^H)© = 3 x 10~ 5 I32J and mass fraction 
Xp e0 = (pFe/Vgas)© = 1-25 x 10~ 3 , the total iron mass 
of such system is 

Mp e = XY eQ Mg as 

= 1.25 x 1O 6 M ( J**-} ( J^l.) (ii) 

We calculate the number of SN events that give rise 
to a solar metallicity by adopting a mean iron yield per 
supernova Mf^sn = O.2M |42| . 

N SN = Mfc/Mfc,sn 

= 6.2 5 xl06(^| (»*-) (4£->12) 
\M Fc , SN J \y Fc , Q ) \10 9 M Q } ' 

Using equations ©, (|TU|). and (fT2"j) we write the num- 
ber of particles swept up by the tidal shock as 




Finally, we estimate the amount of gas swept over by 
tidal shocks that would yield the same level of lithium 
abundance as galactic supernovae. 



M TyS = fiN T , s (14) 




where we assumed the mean atomic mass /j, = 1.3mn, 
appropriate for neutral ISM. 

Therefore, in order for TCRs to produce as much 
lithium as GCRs would up to the epoch characterized 
by the solar metallicity, the entire galactic ISM must be 
tidally shocked 8 times. For galactic encounters that can 
drive strong tidal shocks in the interstellar medium of a 
"tidally harassed" satellite galaxy, this would imply oc- 
currence of at least 8 close fly-bys. Thus, even a single 
fly-by could result in a non-negligible increase of lithium 
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abundance in these galaxies. In the next Section we de- 
scribe the implications of this model for the case of the 
Small Magellanic Cloud. 



IV. IMPLICATIONS FOR THE SMALL 
MAGELLANIC CLOUD 



Lets now consider the case of the Small Magellanic 
Cloud. Adopting a gas mass of the SMC to be M gas (r < 
3kpc) = 3 x 10 8 M Q [33|], the total energy required to 
pollute all SMC gas with the solar level of 6 Li abun- 
dance would be E 6 ~ 10 57 erg. To estimate the kinetic 
energy of the galactic encounters we consider the inter- 
actions of the SMC with the Milky Way (MW) and the 
Large Magellanic Cloud (LMC) given that both of these 
have had significant gravitational impact on the SMC 
during its history [for e.g., [26(. If MW is taken as the 
primary galaxy with the total mass of Mmw ~ 10 12 M Q 
[34j and the total (dark matter halo, gas, stars) mass of 
the SMC M SM c(r < 3kpc) w 4 x 10 9 M Q pi, and MW- 
SMC present day separation is d = 61 kpc [351 ], using the 
equation {1} we can estimate the kinetic energy of the 
encounter as E^ in k, 10 58 erg. Thus, if tidal interaction 
of the SMC and the MW was to enrich the entire ISM 
of the SMC to a solar metallicity value of 6 Li, less than 
10% of the kinetic energy of the encounter at the cur- 
rent epoch would be used towards particle acceleration. 
On the other hand, if we consider the LMC as the pri- 
mary tidal partner of the SMC, then with its total mass 
M LM c(r < 9kpc) w 13 x lC^M^and 23 kpc present day 
separation from the SMC [36|, [45[ , we estimate the total 
kinetic energy from this interaction to be E^in ~ 4 x 10 56 
erg[? ]. Consequently, the kinetic energy between the 
LMC and SMC, as they are today is insufficient to ac- 
count for a significant 6 Li abundance production. It is 
however interesting to note that the encounter of LMC 
and SMC could have been much stronger in the past and 
hence, could have contributed to the total abundance of 
lithium in SMC. We discuss the implications of the evo- 
lution of this encounter in time in Section [Vj 

Since the metallicity of the SMC is approximately 1/5 
solar [43| , our model implies that tidal shocks would have 
to sweep over the entire SMC ISM only about twice to ac- 
celerate enough particles which would produce the same 
amount of lithium as GCRs. However, since any pro- 
duction of 6 Li by GCRs must scale with metallicity, it 
follows that 6 Li GCK / 6 Li Q w 0.2. For a typical GCR 
spectrum with spectral index s — 2.75, production ra- 
tio between lithium isotopes from the same CR popu- 
lation is 7 Li/ 6 Li k, 1.3 Q. Thus, if TCRs have pro- 
duced the same amount of 6 Li in the SMC as GCRs have, 
this means that SMC 6 Li abundance should in fact be 
6 LisMc7 6 Li© ~ 0.4, while the isotopic ratio should be 
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where e* = 7 Li*/(2 6 Li GG fl) is a small correction to the 
lithium isotopic ratio that comes from stellar produc- 
tion of 7 Li. For primordial and solar abundances we 
adopt ( 7 U/H) BBN = 5.2 x 10" 10 and ( 6 Li/ff) Q = 
1.53 x 10~ 10 respectively. Note that the result- 

ing ratio in equation (|17l) is almost a factor of 2 smaller 
than the expected isotopic ratio ~ 18 for the SMC, when 
GCRs are considered to be the only post-BBN source 
of lithium. The value obtained here is consistent within 
errors with the best fit of the isotopic ratio recently ob- 
tained from observations of the SMC by Hawk et al., 
who found ( 6 Li/ 7 Li) SMC = 0.13 ±0.05 O. Note that 
our estimate of the lithium isotopic ratio is not very sen- 
sitive to the precise nature of the shocks and remains 
( 7 Li/ 6 Li)sM G « 10 even in cases of cosmic rays with the 
spectral index a = 2 where lithium isotopes are produced 
in the ratio 7 Li/ 6 Li « 2. 



V. DISCUSSION AND CONCLUSIONS 

Cosmic-ray nucleosynthesis is the only production 
channel for 6 Li and one of the dominant sources of Li, 
especially in higher metallicity systems. Within the ac- 
cepted paradigm for lithium formation, the supernova 
remnants are taken as the main acceleration sites of the 
cosmic rays in star-forming galaxies. In this work we 
propose that tidal shocks which arise from close galactic 
fly-bys can be an important source of cosmic rays and 
thus lithium as well. Strong tidal shocks which could af- 
fect a significant fraction of the gas content of a galaxy 
can occur in satellite systems like the Small Magellanic 
Cloud, during its close fly-by with the Large Magellanic 
Cloud or the Milky Way. As a consequence, a population 
of the tidal cosmic rays that arises in satellite systems can 
present an additional source of both lithium isotopes. In 
the case of the SMC, we show that only two close fly-bys 
affecting the entire ISM of the SMC would be sufficient 
for tidal cosmic rays to produce as much 6 Li as galactic 
cosmic rays have produced over the entire SMC history. 

It is worth noting that the SMC has experienced at 
least two close encounters with the LMC, and one en- 
counter with the MW [26|, l3tS| . and that the relative 
strength of these interactions has varied as a function of 
time. For example cosmological models predict that both 
the SMC and LMC could have been up to ten times more 
massive at the time of their infall in the MW (3(| |47| . 
Milky Way on the other hand had a lower mass in the 
past than today, since its mass increased over the cosmic 
time. The simulations of cosmological structure forma- 
tion favor a scenario where Magellanic Clouds are cur- 
rently on their first approach to the MW, thus implying 
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that the distance between the MCs and MW was larger 
in the past 36] . All this points to a lesser role of the MW 
in tidal interactions with the two satellites few to ten bil- 
lion years ago. The same set of simulations finds that 
dwarf-dwarf galaxy interactions of the SMC and LMC 
are the dominant driver of their evolution over the past 
5-6 Gyr during which they evolved as a gravitation- 
ally bound pair. During this time the evolution of their 
baryonic component has been dominated by tidal strip- 
ping and shocks. The SMC and LMC have most likely 
had several closer encounters with one another in the 
past, during 2-3 pericentric passages when their sepa- 
ration could have been as small as few kpc. Given the 
larger masses and smaller separation of the MCs in the 
past it follows that the kinetic energy of their interaction 
could have reached two orders of magnitude higher values 
than that estimated for the SMC and MW system at the 
present time. If so, strong interactions of the SMC with 
LMC are likely to have played a more important role for 
the acceleration of the TCRs and production of lithium 
in both dwarf galaxies than their present day interactions 
with the Milky Way. Given that over their cosmic history 
the total mass of the LMC remained at least a few times 
larger than that of the SMC, the LMC would have been 
less prone to tidal harassment by its smaller companion 
and the Milky Way galaxy. Thus, the past existence of 
TCR population acting withing Magellanic Clouds can 
be tested by comparing lithium isotopic ratios in the 
Magellanic Clouds. Specifically, a TCR population would 
be more prominent in the smaller interacting system such 
is the SMC which would imply a lower 7 Li/ 6 Li ratio in 
the SMC relative to the LMC. Different star-formation 
histories of these two systems, on the other hand, re- 
sulted in SMC metallicity which is 0.2 of solar, while 
LMC metallicity is at the level 0.4 of solar [11]. In the 
absence of TCRs from both systems, from equation (fl~7|) 
it follows that isotopic ratio would be lower in the LMC 
( 7 Li/ 6 Li w 10) compared to the SMC ( 7 Li/ 6 Li w 18). 
Therefore, if lithium isotopic ratio was measured in the 
LMC and was found to be comparable or higher than the 
SMC ratio ( 7 Li/ 6 Li) SA /c < ( 7 Li/ 6 Li) LMC 7, this would be 
a strong indication that a tidal cosmic-ray population 
was present (at some epoch) within the SMC and has 
significantly impacted its chemical evolution. 

The enrichment of the SMC gas with extra lithium may 
bare important consequences for the existing "lithium 
problem" . Due to discrepancy between predicted pri- 
mordial lithium abundance and that measured in low- 



metallicity halo stars, it was suggested that lithium 
should be measured in the gas phase of the low metal- 
licity systems. First measurement of this kind was re- 
cently carried out by Howk et al. [lij], in the SMC gas 
with metallicity 1/5 solar, and is a great step toward 
the resolution of the problem. The measured 7 Li abun- 
dance, which is consistent with the expected primordial 
abundance, leaves little room for post-BBN production of 
lithium through stellar process or in cosmic-ray interac- 
tions. Therefore, with additional cosmic-ray population 
present, such as the tidal cosmic rays, the tension would 
be even greater, perhaps indicating that the resolution of 
the lithium problem is more likely to be found in the non- 
standard BBN. Given the already existing problem with 
lithium abundances, it is thus crucial to test the hypoth- 
esis of TCRs presented in this work. As mentioned, one 
possible test of the presence of a new cosmic-ray popula- 
tion would be to compare lithium isotopic ratios between 
LMC and the SMC. Another way would be to look into 
the radio emission of interacting galaxies. Tidal shocks 
accelerate electrons to the ultra-relativistic energies and 
provide conditions for strong radio-synchrotron emission 
over relatively short time-scales (~ 10 7 yr). Due to this, 
increased radio luminosity would be expected in inter- 
acting extragalactic systems, especially in a smaller of 
the two interacting galaxies. Indeed, some nearby ex- 
tragalactic interacting systems (such as M51), show sig- 
nificant enhancement in radio-luminosity (approximately 
two orders of magnitude at low radio-frequencies in com- 
parison to unperturbed galaxies), especially for smaller 
(M51b) components. 
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